To assess associations of caesarean section with body mass from birth through adolescence. DESIGN: Longitudinal birth cohort study, following subjects up to 15 years of age. SETTING AND PARTICIPANTS: Children born in 1991-1992 in Avon, UK who participated in the Avon Longitudinal Study of Parents and Children (ALSPAC) (n ¼ 10 219). OUTCOME MEASURES: Primary outcome: standardized measures of body mass (weight-for length z-scores at 6 weeks, 10 and 20 months; and body mass index (BMI) z-scores at 38 months, 7, 9, 11 and 15 years). Secondary outcome: categorical overweight or obese (BMI X85th percentile) for age and gender, at 38 months, 7, 9, 11 and 15 years. RESULTS: Of the 10 219 children, 926 (9.06%) were delivered by caesarean section. Those born by caesarean had lower-birth weights than those born vaginally ( À 46.1 g, 95% confidence interval(CI): 14.6-77.6 g; P ¼ 0.004). In mixed multivariable models adjusting for birth weight, gender, parental body mass, family sociodemographics, gestational factors and infant feeding patterns, caesarean delivery was consistently associated with increased adiposity, starting at 6 weeks ( þ 0.11 s.d. units, 95% CI: 0.03-0.18; P ¼ 0.005), through age 15 (BMI z-score increment þ 0.10 s.d. units, 95% CI: 0.001-0.198; P ¼ 0.042). By age 11 caesarean-delivered children had 1.83 times the odds of overweight or obesity (95% CI: 1.24-2.70; P ¼ 0.002). When the sample was stratified by maternal pre-pregnancy weight, the association among children born of overweight/obese mothers was strong and long-lasting. In contrast, evidence of an association among children born of normal-weight mothers was weak. CONCLUSION: Caesarean delivery is associated with increased body mass in childhood and adolescence. Research is needed to further characterize the association in children of normal weight women. Additional work is also needed to understand the mechanism underlying the association, which may involve relatively enduring changes in the intestinal microbiome.
INTRODUCTION
Caesarean section has enhanced and saved lives of mothers and infants worldwide, and is growing more prevalent in developing and middle-income countries. The WHO estimates that caesarean rates in China are 25.9% and rising, already close to the US rate of 30.3%. In Brazil, the rate is 45.9%. This growth has been driven in part by financial incentives to providers, [1] [2] [3] [4] as well as by patient preferences. 5, 6 The 2011 UK National Institute of Health and Clinical Guidelines guideline on caesarean delivery did not find risk for child health, and noted that women requesting caesarean section often believe that the procedure is 'safest for the baby.' 7 However, evidence suggests that caesarean delivery disrupts the normal bacterial colonization of the newborn. 8 During vaginal birth, the fetus is coated by and swallows bacterial strains from the maternal vaginal and gastrointestinal tracts. 8, 9 Children who are delivered by caesarean section miss this normal source of bacterial colonization. Their intestines are colonized by microbiota derived from contact with mothers' skin, and from other sources. 8 The resulting differences in colonizing bacterial species for vaginally and operatively delivered children may persist at least into midchildhood. [10] [11] [12] [13] In light of evidence that experimentally induced changes in normal gut microbiota are associated with accelerated weight gain in laboratory animals, differences in founding microbial populations could affect adiposity among caesarean-delivered children. 14 Studies of the association between mode of delivery and adiposity are challenging, as maternal factors that predispose to caesarean section also may cause greater childhood body mass. In addition, post partum behaviours (for example, breastfeeding) could mediate an association between caesarean delivery and adiposity. The few extant studies vary in inclusion criteria, availability of relevant clinical data, source and timing of information about child body mass, and the outcomes that are measured. [15] [16] [17] [18] A recent meta-analysis found a moderate association between caesarean delivery and adiposity in childhood, adolescence and adulthood. 19 However, estimates of the magnitude of the association were quite variable. Some highquality studies found no association, and effect estimates were lower for high quality studies.
In this report, we use objective measures of child height and weight collected over a span of 15 years in the Avon Longitudinal Study of Parents and Children (ALSPAC), a study that follows a large birth cohort. The ALSPAC data resource includes unusually detailed information on clinical, demographic, social and behavioural characteristics of mothers and children that might be associated with mode of delivery and childhood obesity.
MATERIALS AND METHODS
Study design, setting and participants ALSPAC was started as a population-based study of pregnant women living in Avon, UK with expected dates of delivery in 1991 and 1992. While the timing of enrolment was variable, 85% of eligible births were captured in an area that is slightly more affluent than the general UK population. 20 Over time, data have been collected through review of hospital records, surveys of parents and children, and clinical and laboratory examination. For this study, we drew heavily on data abstracted from National Health Service obstetrical records by ALSPAC's team of six trained research midwives. From 14 541 'core' pregnancies, we excluded those that did not result in a live child at 1 year, non-singleton births, those with missing data on birth weight, and those contributing no data on child body mass after birth. We excluded children delivered at o37 weeks of gestation, as they are prone to caesarean delivery and atypical growth and development. We also confined our sample to children born of mothers without pre-existing diabetes, gestational diabetes, glycosuria in pregnancy, pre-existing hypertension or pre-eclampsia (based upon the research midwives' reviews of the obstetrical notes) as these conditions are associated with caesarean delivery and may be associated with increased body mass. [21] [22] [23] As shown in the flow chart (Supplementary Exhibit 1) our final analytic sample included 10 219 mother-child pairs. Compared with the full ALSPAC cohort, sample mothers were more likely to be white and more highly educated.
Measures
Mode of delivery. Data on caesarean versus vaginal delivery was extracted from the obstetrical records by the research midwife team. In reviewing the obstetrical record, the midwife researchers also classified caesarean deliveries as 'elective' if previously scheduled, and 'emergency' if not. Mothers who had been scheduled for elective caesarean but who went into labour before their scheduled date were classified as having had an emergency caesarean.
Child body mass. Birth weight was extracted from the medical records and birth length was measured by an ALSPAC researcher. Subsequently, weight and length (or height, for older children) was measured by ALSPAC study personnel (in a random 10% subsample) and abstracted from health visitor records (in the remainder) at ages 6-8 weeks, 38-44 weeks (mean 10 months), 77-106 weeks (mean 20 months), and 38 months. Comparison of the two sources showed a high degree of agreement. 24 From age 7 years onward, height and weight were assessed by ALSPAC study personnel in clinic visits. Height was assessed using a Leicester Height Measure (Holten Crosswell, Dyfed, UK), and weight measured using Tanita electronic scales, with children dressed in underwear.
For children up to 2 years of age, we transformed weight-for-length to standardised z-scores using the WHO Child Health Growth Standards developed from the 1997 to 2003 Multicentre Growth Reference Study. 25 For children older than 2 years, we transformed body mass index (BMI) to standardised z-scores using US Centers for Disease Control and Prevention norms from the year 2000. 26, 27 We set body mass values equal to missing for fewer than 1% of the data points (X5 or p À 5 z-score or s.d.), as those values were likely to reflect errors in data recording. Our primary outcome was the age-and gender-standardized continuous measure (weight-forlength z-score at 6 weeks, 10 months and 20 months; BMI z-score at age 38 months and at 7, 9, 11 and 15 years). The prevalence of obesity (BMI X95th percentile relative to norms) was quite low in the sample (2.8% at 7 years), and so our secondary outcome was categorical overweight or obese (BMI X85th percentile for age and gender relative to the CDC norms; hereinafter 'overweight/obese') at 38 months and 7, 9, 11, and 15 years.
Mother's pre-pregnancy BMI; father's body mass. Shortly after recruitment into the study, mothers were sent a postal survey asking for their prepregnancy weight and height. These self-reports have been validated by ALSPAC investigators against obstetrical records of weight gain trajectory during pregnancy, and there is a high correlation between the self-reports and predicted pre-pregnancy weight (r ¼ 0.92). 28 Self-reports of prepregnancy height and weight were transformed to BMI in kg m À 2 . Father's body mass was also self-reported through postal surveys. Both paternal and maternal BMI were categorized as normal (o25), overweight (BMI, [25] [26] [27] [28] [29] and obese (BMI X30). In addition, maternal pre-pregnancy BMI was categorized into sample deciles in the multivariable analyses (see below).
Family sociodemographics. At enrolment, postal surveys elicited social class (using the UK Office of Population Census and Survey classifications) 29 and education (as defined by the UK Office of Qualifications and Examinations Regulation), 30 as well as race, which was reclassified into white and non-white, in this large white population.
Gestational factors. Maternal age and parity were reported in the same postal survey, as was first trimester smoking (present or absent). Gestational weight gain was extracted from obstetrical records by the research midwife team, using methods described elsewhere 28 and categorized according to the 2009 US Institute of Medicine (IOM) recommendations 31 as: less than recommended, within the recommended range, and more than recommended.
Infant feeding. Feeding patterns were reported by postal survey at 6 months, and classified as 'still breastfeeding,' 'stopped breastfeeding,' and 'never breastfed.' Timing of introduction of solid foods was classified as '0-2 months,' '3 months,' or '4-6 months.'
Statistical methods
Analytic approach. We characterized the sample by delivery status and body mass outcomes over time, and examined the associations between delivery mode and parental body mass, family sociodemographics, gestational factors and infant feeding, with w 2 tests of association. We tested the relationship between delivery mode (caesarean versus vaginal) and our primary (wfl/BMI z-score) and secondary outcome (overweight/ obese) in mixed multivariable models of the whole sample that included subject-level random effects, and these fixed effects: birth weight as a continuous variable, gender, parental body mass (mother's prenatal BMI in deciles, father normal weight/overweight/obese; both parents obese); family sociodemographics (maternal socioeconomic status and maternal education grouped as described above, white/non-white race); gestational factors (maternal age grouped as o20, 20-24, 25-29, 30-34, X35; parity grouped as 0 prior, 1 prior, 2 or more prior pregnancies; presence/absence of maternal smoking during the 1st trimester; gestational weight gain below, at or above the Institute of Medicine recommendation, breastfeeding currently, formerly, never and introduction of solid foods at 1-2 months, 3 months, or 4-6 months). Linear random effects models were used to model wfl/BMI z-score and logistic random effects models were used to model overweight/obesity.
We used several strategies to control for the association between maternal adiposity and caesarean delivery risk. In addition to excluding children born to mothers with risks associated with caesarean delivery and/or childhood obesity, in our multivariable analysis we tested various specifications for maternal pre-pregnancy BMI, first with pre-pregnancy BMI z-score as a continuous variable, and then using BMI deciles. Results were comparable, and we report models using BMI deciles here. We also estimated the multivariable models in strata defined by maternal prepregnancy weight: normal (BMI o25) and overweight/obese (BMI X25). These stratified models were specified identically to the full sample models, except that they included deciles of maternal pre-pregnancy BMI within each stratum. As a further test for effect stratification, in full sample regression analyses, we added interaction terms of delivery mode and maternal pre-pregnancy BMI (categorized as normal versus overweight/ obese). We did an omnibus test that the sum of the interactions over all time periods was equal to zero.
Finally, in further analyses, we recategorized delivery mode to three values: (1) elective caesarean, (2) emergency caesarean, and (3) vaginal delivery, and re-examined the full sample multivariable associations between these three modes of delivery and our primary outcome. As emergency caesarean section is more likely to be done for reasons unrelated to obesity risk (fetal distress, failure to progress), we hypothesised that compared with children delivered by elective caesarean section, those delivered emergently might have lower body mass. Also, because emergency caesarean may be started after the rupture of membranes (allowing exposure to the maternal bacterial microbiota), we hypothesised that children born by emergency caesarean might have body mass intermediate between those delivered vaginally and those delivered electively.
Approach to missing data. The ALSPAC study has enjoyed extraordinarily consistent response, due to community outreach and engagement with families in a region where the population has been quite stable. 20 For the serial measures of body mass, of the eight longitudinal data points, the mean number of time points measured was 5.2 per child. Between 40.7 and 86.9 per cent of the sample contributed body mass data at any time point. There was no association between the propensity to contribute data and mode of delivery (mean number of data points ¼ 5.23 for children delivered vaginally and 5.29 for children delivered by caesarean; P ¼ 0.368). There was also no association between the propensity to contribute data at the last time point and mode of delivery (40.7% of those delivered vaginally contributing at 15 years, versus 40.8% of those delivered by caesarean; P ¼ 0.941).
For some of the covariates used in our multivariable models, there were substantial missing data. For example, father's BMI was missing for 33.4% of the sample, and maternal social class was missing for 21.4% of cases. Most other variables were missing in the 5-10% range. Consistent with prior ALSPAC analyses, 32 we created a missing category for each covariate. As a test of robustness, we reran our main multivariable analysis with multiple imputation of the dependent variable, using Stata 12.0 (StataCorp LP, College Station, TX, USA). Those results were essentially identical to the nonimputed analysis that we report here.
Human subjects
Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Adult subjects gave informed consent, and children provided verbal assent when of age. This study was reviewed and approved by the IRBs at both the New York University Washington Square and Medical School campuses.
RESULTS
The mean birth weight in the sample was 3478 g (s.d., 467), and 926 (9.06%) of the 10 219 children were delivered by caesarean section. Those born by caesarean delivery had lower-birth weights than those born vaginally ( À 46.1 g, 95% CI: 14.6-77.6 g); there were no differences in the two groups in weight-for-length z-score at birth ( À 0.296 versus À 0.301; P ¼ 0.92). At age 7 years, 16.6% of the children were overweight or obese, and 2.8% met the criteria for obesity. In other words, adiposity was relatively rare, relative to the current prevalence in the US and UK populations. Table 1 shows body mass outcomes and numbers of observations available at each time point.
Factors associated with mode of delivery Mode of delivery was associated with several characteristics linked to childhood obesity (Table 2) . Caesarean delivery was somewhat more common among children whose mothers were overweight or obese before pregnancy, whose parents were both obese, and nonwhite children. Children of older mothers were more likely to have been delivered by caesarean, as were firstborn children, and children whose mother's gestational weight gain exceeded Institute of Medicine recommendations. Caesarean delivery was associated with less breastfeeding and less early introduction of solid foods.
Association between mode of delivery and body mass over time There was a consistent association between mode of delivery and age-and gender-standardized body mass outcomes over time, in the multivariable analysis (Figure 1 ). By 6 weeks of age, children delivered by caesarean section had significantly higher weight-forlength z-scores ( þ 0.11 s.d. units, 95% CI: 0.03-0.18; P ¼ 0.005), a difference that was still evident at age 15 (BMI z-score increment þ 0.10 s.d. units, 95% CI: 0.001-0.198; P ¼ 0.047). Estimates for increments at every time point can be found in Supplementary Exhibit 2A. Caesarean delivery also was associated with overweight/obesity, with a statistically significant increase through age 11 (overall sample prevalence of overweight/obese at 11 ¼ 22.3%; adjusted odds ratio ¼ 1.83, 95% CI: 1.24-2.70; P ¼ 0.002; Table 3 ).
In the multivariable models, factors other than caesarean delivery were also associated with greater body mass. Although there was variation across models, associated variables included higher-birth weight, being born of a young mother, greater maternal pre-pregnancy BMI, paternal overweight/obese, maternal smoking during the first trimester, less breastfeeding, and earlier introduction of solid foods (Supplementary Exhibit 2). Association in strata defined by maternal pre-pregnancy weight For children of normal weight mothers, the increment in BMI z-score associated with caesarean delivery was consistently positively signed but of a qualitatively smaller magnitude than in the full sample, and generally fell short of statistical significance (Figure 1 ). In contrast, for children of overweight/obese mothers, the association was qualitatively larger and more consistently statistically significant (Figure 1 ). The apparent duration of association was different for the two groups, with children of overweight/obese mothers showing statistically significant increases in z-score body mass through age 11 ( þ 0.25 s.d. units, 95% CI: 0.08-0. 43; P ¼ 0.005; Figure 1 ). An omnibus test of interaction was consistent with a difference in the association between the two pre-pregnancy weight subgroups (P ¼ 0.004). Supplementary Exhibit 2A shows z-score increments for each time point, for the two pre-pregnancy weight strata.
Stratified analysis of the secondary outcome (overweight/ obesity) showed a similar pattern (Table 3) . For children of normal weight mothers, the association was generally positive, but consistently fell short of statistical significance. Among children of overweight/obese mothers, the magnitude of the association was larger and more consistently significant. An omnibus test of the interaction fell short of statistical significance (P ¼ 0.059).
Elective versus emergency caesarean Children born by elective caesarean had lower-mean birth weights than those born by emergency caesarean or vaginal delivery (3360 versus 3488 versus 3482 g, P40.001 for both post-hoc tests of differences between elective caesarean and other groups; P40.10 Abbreviations: BMI, body mass index; Social class assessed using the UK Office of Population Census and Survey classifications; Level of education assessed using the UK Office of Qualifications and Examinations Regulation (see text); IOM, Institute of Medicine. *P-value for w 2 test of association between characteristic and mode of delivery.
Caesarean delivery and child adiposity J Blustein et al Figure 2 shows multivariable predicted z-score body mass over time, when delivery mode was categorized in three values: (1) elective caesarean, (2) emergency caesarean and (3) vaginal delivery body mass. For all time periods, z-scores were qualitatively lowest for children born vaginally, and for most time periods, highest for children undergoing elective caesarean (see Supplementary Exhibit 3 for z-score increments at each time point).
DISCUSSION
In this sample of full-term children born in the UK in the early 1990s, caesarean delivery was associated with increased body mass from infancy through adolescence. At birth, children delivered vaginally were slightly heavier, and there was no difference in z-score weight-for-length between the two groups. However, by 6 weeks, those born by caesarean had greater standardized body mass, and this persisted until age 15, in analyses adjusted for birth weight, gender, parental body mass, sociodemographic factors, and a set of gestational factors related to obesity risk. Overweight/obesity was also more common among children delivered by caesarean.
Evidence of the association was more robust, qualitatively greater, and longer lasting among children born of overweight/ obese mothers, compared with children born of normal weight mothers. The reason for this difference by maternal pre-pregnancy weight is unclear. The genetic characteristics or gestational exposures of children of overweight/obese mothers may make them less able to recover from whatever risk for obesity is conferred by caesarean delivery. Alternatively, the difference in the two groups may reflect residual confounding by unmeasured obesity risk, which could be greater among children born of overweight/obese mothers. This important question bears further study.
Strengths and limitations of the study Our longitudinal design with repeated objective measures of body mass is comparatively strong, relative to studies using a single cross section. The greatest limitation is the possibility of unmeasured confounders that are associated with caesarean delivery and adiposity in infancy, childhood and adolescence. We used several strategies to minimize this, but we cannot rule out the possibility of residual confounding.
Our analysis was also limited by sample size. Our findings support an association between caesarean section in the population at large, and among children born of overweight/ obese mothers. However, as we have noted, our conclusions are more tentative for children of normal weight mothers, among whom the association appears to be weaker. For those children, we estimate that we only had a 51% chance of detecting a very small (0.1 z-score) increment in BMI at age 7.
Missing data pose a third limitation to the study. Subjects were followed for 15 years, and some subjects invariably missed some measurement points, which could have introduced bias into our estimates. However, as we estimate an association (rather than a prevalence), this may be less of a concern.
33 Also reassuring was the lack of an association between response propensity and delivery mode. Finally, we confirmed our main analyses using multiple imputation, and the associations were essentially unchanged.
Strengths and limitations in the context of previous studies Our findings are consistent with the theory that caesarean delivery leads to increased adiposity, which may be through disruption of the gut microbiome. 34 Generally, we found that later life adiposity is least likely among children who are born vaginally, slightly more likely among those delivered via emergency caesarean, and most likely among children delivered by elective caesarean. This gradient corresponds to the likelihood that children were exposed to maternal vaginal bacteria during birth. However, when our sample was divided into elective and emergent caesareans, the numbers become too small to detect differences.
Our finding of a positive association between delivery mode and adiposity is consistent with a meta-analysis that recently appeared in this journal. Several of the key studies summarized in that meta-analysis differ from ours, in terms of the clinical inclusion criteria, incidence of caesarean section in the sample, the prevalence of adiposity in the children, and/or the outcomes reported. Two were high-quality studies that failed to find a significant association between delivery mode and adiposity. The first, an analysis of the Danish National Birth Cohort, found no association between caesarean delivery and overweight at age 7 years. 15 In the Danish National Birth Cohort cohort, the unadjusted association with overweight was quite small at age 7 (odds ratio ¼ 1.15, 95% CI: 1.02-1.29; P ¼ 0.015) relative to the larger unadjusted association in our sample (odds ratio ¼ 1.90, 95% CI: 1.25-2.90; P ¼ 0.003). This discrepancy could reflect differences in the body mass distributions in the two populations: the children in the Danish cohort were extraordinarily lean (Danish obesity prevalence at 7 years was 1.6% among girls and 1.1% among boys; in the ALSPAC cohort, 2.8% among all children age 7). A birth cohort study from Brazil, 16 found a crude association between delivery mode and obesity that was no longer statistically significant after adjusting for an array of gestational, and behavioural factors. However, the outcome for that study, obesity, was relatively rare in absolute terms (between 7 and 15 per cent, depending on cohort and time point). Using the more common outcome of overweight/obese might have yielded a statistically significant positive association in their sample, as it did in ours. Of note, when we used obesity as an outcome in our data, our adjusted findings were quite similar to those from Brazil, with positive estimates that fell short of statistical significance (analysis not shown).
Generalizing from this study The ALSPAC data were collected in an era predating the routine use of intravenous antibiotic prophylaxis with caesarean delivery. 35 Our analysis of data on administration of antibiotics in labour showed that under 6% of the ALSPAC mothers who underwent caesarean received prophylaxis. Early life antibiotic exposure disrupts the developing intestinal microbiome and causes increased adiposity in laboratory animals.
14 Two recent studies have found an association between early antibiotic exposure and subsequent childhood adiposity. 15, 36 As contemporary guidelines for caesarean delivery recommend IV antibiotics at the time of incision, 7 under current practices, caesarean section may be doubly disruptive of microbiome development in the neonate.
The children in our sample were born over two decades ago. Since then, obesity has increased worldwide, and caesarean section rates are on the rise. If caesarean delivery is obesogenic (and not just associated with obesity), then reducing the rate of elective caesarean sections could be an important strategy for reducing childhood obesity. While stronger evidence of causality awaits further detailed clinical studies, that research will likely take years to complete.
Avenues for future research The association identified here raises a number of questions. More detailed study remains, for the children of normal weight mothers. Further work is needed to assess the association in other populations, with rigorous control for confounding. Research is needed to understand the mechanisms that link caesarean delivery to adiposity. For example, more studies of the differences in the development of gut microbiota between children delivered by caesarean and children delivered vaginally should be done.
On the clinical side, the cardiometabolic profiles of children born by caesarean section should be investigated. 37 Ultimately, identification of subgroups at high risk for adiposity as a result of caesarean might help in clinical decision-making regarding delivery mode, and advice given to prospective parents. In sum, the evidence presented here -along with work by bench scientists and epidemiologists -suggests that we look further at the consequences of caesarean delivery, a mode of birth that has emerged so recently in the course of human evolution.
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